Larger growth responses in Oh43 were correlated with extensive development of root-external hyphae, accumulation of specific Pht1 transcripts and a high level of mycorrhizal phosphorus uptake. The data indicate that host genetic factors influence fungal growth strategy with an impact on plant performance.
SUMMARY
• Plant interactions with arbuscular mycorrhizal fungi have long attracted interest for their potential to promote more efficient use of mineral resources in agriculture. Their widespread use, however, remains limited by understanding of the processes that determine the outcome of the symbiosis. In this study, variation in growth response to mycorrhizal inoculation was characterized in a panel of diverse maize lines.
• A panel of thirty maize lines was evaluated with and without inoculation with arbuscular mycorrhizal fungi. The line Oh43 was identified to show superior response and, along with five other reference lines, was characterized in greater detail in a split-compartment system, using 33 P to quantify mycorrhizal phosphorus uptake. with Smith et al. (2003) . The growth medium (hereafter referred to as soil) was a 1:1 (w:w) Jakobsen, 1993) and KH 2 PO 4 at nil, 15 or 90 mg P kg -1 added in solution and carefully 1 0 5
mixed into the soil. The P additions resulted in a bicarbonate-extractable P content of 7.9, 1 0 6 15.5 or 53.3 mg P kg -1 (Olsen et al., 1954) . The root/hyphae compartment (RHC) contained 1 0 7 2750 g soil and the hyphae compartment (HC) was a small plastic vial placed in the middle of 1 0 8 the RHC. The HC contained 55 g of 33 P-labeled soil (5 kBq g -1 ) and was lined with a 25 μ m 1 0 9 nylon mesh at both ends to prevent root in-growth. Seven weeks later, bicarbonate extracts of 1 1 0 HC had a specific activity (SA = 33 P/ 31 P) of 144.7, 79.9 or 29.4 kBq mg -1 P, corresponding to 1 1 1 no addition or addition of 15 or 90 mg P kg -1 . Each maize line was grown in 8 replicate pots 1 1 2 in half of which 140 g dry soil-root inoculum of Rhizophagus irregularis BEG87 was 1 1 3 thoroughly mixed into the growth medium. Filtered BEG87 inoculum leachings were added 1 1 4 to all pots as an attempt to establish the same soil microbial community (Pearson & Jakobsen, 1 1 5 1993). Two pre-germinated seeds were planted in each pot and thinned to one at the two leaf washed clean using a pressurized water jet and a fine mesh to collect fine root pieces. Roots were blotted dry and total fresh weight (FW) was recorded. Subsamples were taken for root 1992) with the modification that the stained filters were mounted on slides using immersion 1 3 7 oil instead of lactoglycerol-trypan blue solution in order to facilitate discrimination of AM GGDYPLSATIxSE motif and consequently there were not considered to be authentic PHT1 designed and successfully optimized for twelve of thirteen annotated genes (Table S2 ). All irregularis elongation factor gene (Sokolski et al., 2010) . Statistical analysis was conducted 1 7 0 with R statistics (see above). data obtained from six selected lines as described above (shoot dry weight, shoot P content, was determined previously to maximize sampling of genetic diversity from global maize context to evaluate the relative performance of any given line, whether inoculated or not. after emergence (V8 stage). Roots were harvested from 30% of the total experiment and 1 9 5 fungal structures by microscopic inspection to confirm the efficacy of inoculation 1 9 6 (Supporting Information). NC plants were confirmed to be free of fungal structures, while in 1 9 7 M plants, the level of colonization was generally high, with a mean of 57% ±0.7% (95% 1 9 8
interval for proportion) of root positions examined containing at least one type of fungal 1 9 9 structure (hyphae, arbuscules or vesicles), although a broad range of colonization was 2 0 0 observed (5% -98%). For all experimental blocks, the aerial portion of the plants was dried 2 0 1 and shoot dry weight (SDW; g) determined (Table 1) . Overall, the evaluated lines showed individual lines, all showed a significant increase in SDW following inoculation ( Fig. 1a ; fulfilled the criteria established to identify superior capacity to benefit from AM symbiosis. Evaluation was conducted under P limiting conditions, and it was expected that 2 1 5 variation in growth would be driven largely by differences in P efficiency. Leaf P 2 1 6 concentration (ppm) was quantified using inductively coupled plasma-mass spectroscopy 2 1 7 (Table S1 ) and correlated positively with SDW in M plants ( Fig. 1c ; p<0.01, r 2 = 0.24). Leaf plants were inoculated ( Fig. 1a, b ; Table S1 ; LSD, α = 0.05), mirroring SDW, and suggesting 2 2 0 the difference in MR between the two lines to be the result of greater PAE in Oh43 when 2 2 1 colonized.
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In summary, evaluation of shoot dry weight and P concentration in the diversity panel identified the line Oh43 to be highly responsive to inoculation with F. mosseae on the basis 2 2 4 of functional differences in the symbiosis. To characterize further the mechanistic basis of MR in Oh43, the line was evaluated in a 2 2 9
previously described split-compartment system, separating root/hyphae (RHC) and hyphae 2 3 0 compartments (HC) for direct quantification of AM mediated P uptake through 33 P labeling and HP301 and Pa36, the lines that showed the highest and lowest NC SDW, respectively, in 2 3 5 the panel evaluation ( Fig. 1 ; Table 1 ). Eight replicates of the six lines were evaluated at three 2 3 6 P levels (low = 7.9 mg P kg -1 ; medium = 15.5 mg P kg -1 ; high = 53.2 mg P kg -1 ), with (M) or responsive at medium P, although exhibiting negative MR at high P (Fig. 2 ). As observed 2 5 0 previously in the F. mosseae experiment, SDW was correlated with shoot P content (Fig. 2 ). To obtain further evidence that MR variation was linked to functional differences among M ZmPt6 as being the most informative (based on tissue-specific expression and response to 2 7 6 1 5 inoculation) for quantification in the six lines ( Fig. 4) . Across the six lines, the accumulation 2 7 7
of ZmPT transcripts with respect to tissue type, inoculation with AM fungi and P availability 2 7 8
was similar to that in B73 (Fig. S5 ). Within broad qualitative trends, however, quantitative 2 7 9
differences were observed (Fig. 4) . under low P (Fig. 5 ). In addition, pairwise correlations were calculated directly among all 2 8 4 measurements (Fig. S5 ). The first two PCs captured 76% of the trait variation and well 2 8 5 separated the six lines (Fig. 5 ). As expected from the previous analysis, plant dry weight was 2 8 6 associated in the PC space with abundance of root-external hyphae, P uptake from the hyphae pattern of fungal growth. This correlation was, however, not significant at the 0.1 level 2 9 5
indicating that this relationship did not hold for all lines. Accumulation of the marker 2 9 6
transcripts Am3 and RiEF was associated with accumulation of ZmPt4, ZmPt5 and ZmPt6, 2 9 7 and root P content (Fig. 5, upper right quadrant) . Interestingly, although accumulation of 2 9 8
ZmPt6 strongly differentiated NC and M plants (Fig. S5 ), among these six lines, when high level of dependence. were highly responsive on the basis of poor performance in the absence of symbiosis (i.e. highly dependent) from those that benefited more from the symbiosis per se. The line Oh43 3 1 7 was selected as an example of the latter. Support for this initial interpretation was obtained by Oh43 to Rhizophagus irregularis with enhanced PAE in mycorrhizal plants and a greater 3 2 0 abundance of root-external hyphae. Phosphorus limitation of plant growth results primarily from the low mobility of P in 3 2 2 the soil. In this study, it was observed that increased plant growth in AM colonized plants 3 2 3 was accompanied by greater shoot P content. Once P has reached the root-surface or been 3 2 4
delivered to the peri-arbuscular space, subsequent uptake by plant PHT1 transporters is not 3 2 5
predicted to limit PAE (Bucher, 2007) . As is consistent, it was neither the extent of intra- peri-arbuscular membrane associated PT transporter) that showed the greatest correlation 3 2 8
with P uptake, but the abundance of root-external hyphae. This generally supports previous genotypes evaluated, or the fact that the contribution of mycorrhizal P uptake was not directly Prior physiological characterization has demonstrated that mycorrhizal P uptake is 3 4 2 not a simple addition to direct P uptake, but may represent a functional alternative: in the availability, even when MR itself is small, or even negative. Following inoculation with R.
3 4 8
irregularis, the absolute quantity of P obtained via the AM pathway was greater at high P 3 4 9 than at low P, even though the abundance of intra-radical and root external fungal structures Transcriptome profiling has identified rice marker genes whose transcript positively correlated also with P uptake from the hyphal compartment. Interestingly, the 3 7 7
correlation was stronger with dry weight than P content, indicating this may be more than a proteins not only in P uptake but in the fine tuning of cost-benefit in AM symbioses. to develop molecular breeding strategies to target this important, but hard to evaluate, with R. irregularis, under three levels of P availability (7.9, 15.5, 53.2 mgP/kg). Points indicate the mean; whiskers extend +/-1 standard error; trend lines based on a linear fit to individual observations for each treatment. Mo17, HP301, Pa36, Mo18W, Oh43). Points indicating the different lines are coloured by mycorrhizal response (MR, g) calculated as the difference in shoot dry weight in colonized and non-colonized plants.
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The following Supporting Information is available for this article: 
